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Abstract
Central jet vetoes are powerful tools for reducing QCD background in measurements and searches for electroweak and colorless,
new physics processes in hadron collisions. In this letter, we report the key findings of a new philosophy to designing searches
for such phenomena at hadron colliders, one designed and centered around a dynamical jet veto instead a static veto applied
independently of other selection criteria. Specifically, we investigate the theoretical and phenomenological consequences of setting
the jet veto scale to the transverse momentum (pT ) of the leading charged lepton ℓ in multi-lepton processes on an event-by-
event basis. We consider the case of a TeV-scale heavy neutrino N decaying to the trilepton final state and find the following: (i)
Perturbative uncertainties associated with the veto greatly reduce due to tying the veto scale to the hard process scale. (ii) The signal
efficiency for passing the veto jumps to & 95% and exhibits little-to-no dependence on the neutrino mass scale. (iii) Top quark and
“fake” lepton rejection capabilities also improve compared to only vetoing heavy flavor-tagged jets above a fixed pT . This results
in an increased sensitivity to active-sterile neutrino mixing by approximately an order of magnitude over the LHC’s lifetime. For a
Dirac neutrino with mass mN = 150− 1000 GeV and the representative active-sterile mixing hypothesis |Ve4| = |Vτ4| with |Vµ4| = 0,
we find that LHC experiments can probe |Ve4|2, |Vτ4|2 . 6 × 10−4 − 8 × 10−3, surpassing the global upper limit for mN < 450 GeV,
with L = 3 ab−1 of data at √s = 14 TeV. Due to the color structures of the heavy N production mechanisms considered, we argue
that our results hold broadly for other color-singlet processes.
Keywords: Beyond the Stardard Model, Jet Veto, Collider Physics, Neutrino Physics, arXiv:1805.09335
1. Introduction
Jet vetoes, i.e., the rejection of events with jets above a
transverse momentum threshold (pVeto
T
), are incredibly power-
ful tools for reducing QCD backgrounds in measurements and
searches for electroweak (EW) and colorless new physics pro-
cesses at hadron colliders. In conjunction with heavy quark
flavor-tagging, jet vetoes are among the most widely used tech-
niques by experiments at the Large Hadron Collider (LHC).
Theoretically, however, jet vetoes are, simply put, compli-
cated. Foremost, select arguments of the Collinear Factoriza-
tion Theorem [1, 2, 3, 4], i.e., the master equation for com-
puting hadronic scattering rates, do not hold in the presence
of a veto due to its exclusive nature. More precisely, jet ve-
toes receive corrections from Glauber exchanges, e.g., double
parton scattering/multiple parton interactions, which are be-
yond the theorem’s formal accuracy nor are presently known
to factorize; for further details, see Refs. [5, 2, 3, 4, 6, 7].
In addition, for color-singlet processes occurring at a mass
scale Q, vetoes give rise to logarithmic dependencies on pVeto
T
of the form αs(p
Veto
T
) log(Q2/pVeto2
T
). While usually perturba-
tive in practice, such contributions and uncertainties are suf-
ficiently large that high-accuracy resummation, either analyti-
cally [8, 9, 10, 11, 12, 13] or by parton showers means [14], is
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necessary to reproduce EW data. Moreover, the effectiveness of
vetoes in searches for new high-mass particles is considerably
hindered by the higher predisposition of higher mass objects to
generate QCD radiation than lighter objects [15, 16].
In this letter, we report on a particular jet veto implemen-
tation, which we describe as a “safe jet veto,” that addresses
the latter two concerns. Specifically, for final states with mul-
tiple charged leptons, pp → nℓ + X, ℓ ∈ {e, µ, τ}, we set on an
event-by-event basis the value of pVeto
T
to be the pT of the lead-
ing (highest pT ) charged lepton. Dynamical jet vetoes, such
as the one we propose, have been considered previously in the
context of EW boson production [17, 18, 19], but only for com-
putational convenience. Here, we demonstrate that they can
be successfully used in a much broader class of experimental
searches, including searches for new, high-mass colorless par-
ticles as well as events with τ leptons decaying hadronically.
We find impressive improvement over traditional, fixed-pT jet
vetoes.
We report three key findings: (i) Perturbative QCD uncer-
tainties associated with the veto greatly reduce due to tying the
veto scale to the hard process scale, i.e., by effectively convert-
ing a two-scale problem into a one-scale problem. (ii) The sig-
nal efficiency for passing the dynamical veto is very high and
exhibits little-to-no dependence on the signal mass scale, un-
like with static vetoes, where efficiency drops with increasing
mass scale. (iii) Top quark and “fake” lepton rejection capabili-
ties also improve compared to only vetoing heavy flavor-tagged
jets.
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Figure 1: Born-level diagram of a heavy Dirac neutrino N produced via the
DY process with a subsequent decay to the trilepton final-state. Drawn with
JaxoDraw [21].
To illustrate these results, we have investigated the produc-
tion in proton collisions of a hypothetical, heavy colorless par-
ticle, namely a heavy neutrino (N), that decays to a trilepton
final state. We consider heavy neutrino production via both
the charged current Drell-Yan [20] process pp → ℓN N →
ℓNℓWW → ℓNℓWℓνν, as shown in Fig. 1, as well as the (Wγ)
vector boson fusion process [22, 23, 24]. Here and below, the
subscript X = N,W, ν on the charged lepton ℓX denotes the par-
ticle produced in association with ℓX . Due to the color struc-
tures of the production mechanisms considered, this case study
is broadly representative of many new physics scenarios.
This letter continues in the followingmanner: We first briefly
summarize the relevant ingredients of our heavy neutrinomodel
in Sec. 2 and computational inputs in Sec. 3. We define and
discuss our signal processes in Sec. 4. In Sec. 5, we discuss
how the proposed veto scheme impacts differently the signal
and backgrounds processes, which leads to our findings (i)-(iii).
The impact of the veto on searches for heavy neutrinos at the
LHC, as well as a brief outlook, are then presented in Sec. 6.
Finally, we conclude in Sec. 7. For a more extensive collection
of results, we refer readers to Ref. [25].
2. Simplified Heavy Neutrino Model
TeV-scale neutrino mass models are well-motivated and typ-
ically assume the existence of singlet massive fermions, which
mix with the active ones. At colliders such models commonly
predict new colorless resonances that decay readily to multiple
charged leptons [20, 26, 27, 28, 29]. Hence, to demonstrate the
power of dynamical jet vetoes and how they improve searches
for new particles, we consider a simplified model that extends
the SM by a single colorless fermion, a heavy neutrino. In this
simplified (3+ 1) model with Dirac neutrinos, and working in a
basis where the charged lepton mass and flavor eigenstates co-
incide, neutrino flavor eigenstates (νℓ) are related to light (νm)
and heavy (N) mass eigenstates by [27]
νℓ =
3∑
m=1
Uℓmνm + Vℓ4N. (1)
The above should be understood as applying to the left-handed
components of spinors. For TeV-scale heavy N, global fits to
precision EW precision and low-energy observables, such as
tests of lepton universality and CKM unitarity, constrain |Vℓ4| .
0.021 − 0.075 [30, 31] at 2σ. After EWSB and in the mixed
basis to first order in Vℓ4, the relevant couplings of N to SM
fields are given by 1
LInt. = −
g√
2
W+µ
τ∑
ℓ=e
N V∗ℓ4 γ
µPLℓ
−
− g
2 cos θW
Zµ
τ∑
ℓ=e
N V∗ℓ4 γ
µPLνℓ
− gmN
2MW
h
τ∑
ℓ=e
N V∗ℓ4PLνℓ + H.c. , (2)
with g being the usual SU(2)L coupling constant. For the impact
of jet vetoes on the larger particle spectrum of a full neutrino
mass model, see Ref. [25].
3. Computational Setup
To compute our signal and background processes, we use
a Dirac neutrino variant of the NLO in QCD-accurate [32,
33] HeavyNnlo [23, 24] FeynRules [34, 35, 36] model file.
LO(+PS) and NLO+(PS) event generation is performed by
MadGraph5 aMC@NLO v2.6.2β [37], with parton shower match-
ing (including QED radiation) via Pythia8 v230 [38] us-
ing the CUETP8M1 “Monash*” tune [39], and particle-level
reconstruction to standard [40] Les Houches Event files by
MadAnalysis5 v1.6.33 [41]. Jets are clustered according to
the anti-kT algorithm [42] with R = 1 (unless otherwise speci-
fied), as implemented in FastJet v3.2.0 [43]. Computations at
these accuracies are matched to the NNPDF 3.1 NLO+LUXqed
PDF set [44] due to its LUXqed-based γ-PDF [45, 46]. As
argued in Refs. [47, 48, 23, 24], such a formalism provides the
most appropriate description of the W∗γ → Nℓ± fusion process.
NLO+NNLL(veto) rates are calculated within the framework
of Soft-Collinear Effective Field Theory (SCET) [49, 50, 51],
using Ref. [37, 13]; the computation is matched with the
NNPDF 3.1 NNLO+LUXqed PDF set to avoid double counting
of O(α2s) contributions in the NNLL resummation. Approx-
imate NNNLL(threshold) rates use the SCET-based calcula-
tion of Ref. [52], following Refs. [53, 54], and the NNPDF 3.1
NNLO+LUXqed PDF set.
Where reported, we show the dependence on the factoriza-
tion and renormalization scales, as well as the hard and soft
scales if applicable, by varying the default scales discretely by
0.5× and 2.0×. We evolve PDFs and αs(µ) using the LHAPDF
v6.1.6 [55].
4. Heavy Neutrino Signal Process
In pp collisions, heavy neutrinos can be produced through
a variety of mechanisms that exhibit a nontrivial dependence
1This form of the mixing and of the interaction Lagrangian, in particular the
Higgs coupling, is inspired by low-scale seesaw models.
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Figure 2: Upper: Leading heavy neutrino (N) production mechanisms at var-
ious accuracies, with their residual QCD scale uncertainties (band thickness),
divided by the active-sterile neutrino mixing quantity |Vℓ4 |2, as a function of
mass (mN ) at the
√
s = 14 TeV LHC. Lower: QCD K-factor.
on the heavy N mass mN and collider energy
√
s. The lead-
ing [52] processes include: charged current (CC) Drell-Yan
(DY), qq′ → Nℓ±; neutral current (NC) DY, qq → Nνℓ; Wγ
fusion (VBF), qγ → Nℓ±q′; and gluon fusion (GF), gg → Nνℓ.
Following the procedures of Refs. [24, 52], we plot in the upper
panel of Fig. 2 the production cross sections of these mecha-
nisms at various accuracies, with their residual QCD scale un-
certainty (band thickness) and divided by the mixing quantity
|Vℓ4|2, as a function of mN at the
√
s = 14 TeV LHC. In the
lower panel is the QCD K-factor, defined with respect to the
lowest order cross section: K = σ/σLO.
For mN ∼ 150 GeV − 1 TeV, we see that the sum of the CC
DY and VBF production rates span about 6 pb − 5 fb before
mixing, and translate to 6 fb − 5 ab after taking |Vℓ4|2 ≈ 10−3,
in agreement with the global fit constraints. In light of the
L = 3 − 5 ab−1 of data that will be collected over the LHC’s
lifetime, including its high-luminosity phase, the rates indi-
cate considerable sensitivity to the mass range under discus-
sion. However, to date, one of the main experimental factors
limiting sensitivity of multi-lepton searches for heavy neutri-
nos (aside from the obvious potential to not exist) is the SM
background associated with jets misidentified as electrons or
tau leptons as well as charged leptons from non-prompt sources
[20, 27, 26, 56, 57]. In what follows, we report how a jet veto,
and specifically one where the pVeto
T
threshold is set on an event-
by-event basis, can alleviate this issue.
In particular, we investigate the inclusive production of a
heavy neutrino and charged lepton via the CC DY and VBF
production modes, with the subsequent decay of N to only lep-
tons, i.e.,
pp → ℓN N + X → ℓNℓWW + X → ℓNℓWℓνν + X. (3)
As stipulated above, the subscript denotes the particle produced
in association with the charged lepton ℓX . As a benchmark hy-
pothesis, we assume the flavor mixing scenario,
|Ve4| = |Vτ4| , 0 and |Vµ4| = 0, (4)
and choose the following collider signatures:
Signal I : pp → τ±h e∓ℓX +MET, (5)
Signal II : pp → τ+h τ−h ℓX +MET, ℓX ∈ {e, µ, τh}. (6)
Here, τh denotes a hadronically decaying τ. Due to leptonic τ
decays, charged lepton flavor violation (cLFV) cannot be unam-
biguously established by the simple observation of both signal
processes alone. On the other hand, the branching rates of the
W and τ are known precisely. Therefore, it is possible to falsify
the no-cLFV hypothesis, thus deducing that N couples to both
electrons and τ leptons, by accounting for how many τ±
h
e∓ℓX
events one predicts given an observed τ+
h
τ−
h
ℓX rate. Notably, the
τ±
h
e∓ℓX rate in the flavor-violating case is relatively enhanced
compared to the no-flavor-violating case.
We now turn to how jet vetoes impact the signal processes in
Eqs. (5)-(6) and their leading SM backgrounds.
5. Safe Jet Vetoes
Central jet vetoes are premised [58, 59, 60, 61] on the ob-
servation that color-singlet processes, such as Drell-Yan and
EW vector boson scattering, possess characteristically different
QCD radiation patterns than hard QCD processes themselves.
Color-singlet processes give rise to jets that are predominantly
forward (high η) and soft (low pT ) compared to those from hard
QCD processes, which are central (low η) and hard (high pT ).
In SM measurements, vetoes on central jets with p
j
T
>
pVeto
T
= 25 − 40 GeV are known to yield relatively high selec-
tion efficiencies, with the efficiencies reaching, as for example
in SM Z or W+W− production [14],
ε(pVetoT ) = σ(p
j
T
< pVetoT )/σTot. & 75 − 90%. (7)
Here, σ(p
j
T
< pVeto
T
) is the cross section of a signal process
after the veto is applied, and σTot. is the total cross section of
the process before the veto. For searches of high-mass, color-
less BSM particles, however, efficiencies are known [15, 16] to
be much lower due to the higher likelihood to radiate high-pT
gluons compared to processes with lower mass objects. This
is visible in Fig. 3(a) where we plot the predicted ε(pVeto
T
)
as a function of heavy neutrino mass mN for the DY process
pp → NℓN , along with their total scale uncertainties (band
thickness). We evaluate the veto at NLO+NNLL(veto) with
pVeto
T
= 30 GeV for representative jet radii R and the total
cross section at NLO. One sees that ε(pVeto
T
= 30 GeV) drops
below the 80% efficiency threshold for R = 0.1 (0.4) [1] at
mN & 700 (150) [100] GeV, with scale uncertainties spanning
(roughly) ±10 (5) [2]%. The systematically higher veto effi-
ciencies for smaller R jets is due to the increasing likelihood
of a jet of radius R0 to split into two jets separated by a dis-
tance R1 > 2R0, as R0 → 0. Hence, smaller radius jets are
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Figure 3: Jet veto efficiencies ε(pVeto
T
) for the pp → Nℓ process as a function of heavy neutrino mass mN assuming (a) a static jet veto of pVetoT = 30 GeV and (b) a
dynamic jet veto of pVeto
T
= mN/2, at
√
s = 14 TeV for representative jet radii R. The shaded areas correspond to the scale uncertainty.
more susceptible to losing momentum through “out-of-cone”
radiation, which increases the likelihood of surviving a jet veto.
This holds for both signal and background processes; for more
details, see Refs. [9, 15, 16, 62, 63, 64] and references therein.
Despite the relatively high precision of the NLO+NNLL cal-
culation for our Drell-Yan-type process, we observe that the un-
certainties are acutely sensitive to the choice of jet radius. The
observed decrease in perturbative uncertainty for increasing R
is due the more inclusive nature of such jets [5, 9, 62, 63, 64].
Altogether, vetoes with static choices of pVeto
T
result in discour-
aging efficiencies and uncertainties for otherwise sensible val-
ues of pVeto
T
.
Interestingly, were one to consider the characteristic pT
scales of the charged leptons in the process in Eq. (3) one would
find that each charged lepton pT scales with the mass of N.
Namely, that [25]
p
ℓN
T
∼ mN
3
, (8)
p
ℓW
T
∼ mN
2
(1 − M2W/m2N) ∼
mN
2
, (9)
p
ℓν
T
∼ mN
4
(1 + M2W/m
2
N) ∼
mN
4
, (10)
where the rightmost approximations are in the (MW/mN)
2 →
0 limit. Hence, setting pVeto
T
to the leading, subleading, or
trailing charged lepton pT (or potentially MET) does two
things: (i) It foremost guarantees that the Sudakov logarithms
αs(p
Veto
T
) log(m2
N
/pVeto
T
2) are much less than 1 on an event-by-
event basis, thereby reducing the need for resummation beyond
LL or NLL precision. (ii) It raises the veto threshold with in-
creasing mN , thereby countering the drop in signal efficiency
due to higher jet activity.
In Fig. 3(b) we show again the veto efficiency for the pp →
NℓN DY process but take instead p
Veto
T
= mN/2. (We chose
this scale as a proxy for the leading charged lepton pT in order
to employ the resummation formalism of Refs. [37, 13].) Re-
markably, efficiencies jump to ε(pVeto
T
) > 90− 95% over the mN
range considered, with uncertainties reducing to the few percent
level and exhibiting a much smaller dependence on R. When
pVeto
T
= mN/4 and R = 1, we have checked that efficiencies re-
main high, spanning ε(pVeto
T
) > 90 − 95% for mN & 200 GeV
but drop to ε(pVeto
T
) ∼ 80 − 85% for mN = 150 − 200 GeV. As
one may anticipate, this is comparable to the static veto since
for such masses pVeto
T
= mN/4 ∼ 38 − 50 GeV.
Interestingly, for R = 0.1, we observe that the
NLO+NNLL(veto) prediction exceeds the inclusive NLO rate,
with ε(pVeto
T
) = 100 − 105%. The origin of this “excess” is an
O(α2s) term in the NNLL resummation (see Ref. [13] and refer-
ences therein), and is of the form α2s logR. For mN & 150 GeV
and jet radius R = 0.01, we confirm that the problem worsens,
with ε(pVeto
T
) = 100 − 115%, and indicates a breakdown of the
perturbative calculation. Intuitively, the problem stems from
an energetic parton in a jet of a tiny radius R0 ≪ 1 that splits
into two partons separated by a still small distance R1 > 2R0
such that 2R0 < R1 ≪ 1. In this limit, the parton splitting is in
collinear regime and should be resummed as done, for example,
in Refs. [62, 63, 64]. This does not suggest a breakdown of our
proposed dynamical jet veto scheme. It indicates only that to
quantify the impact of the veto scheme for R . 0.2 one needs
to also resum jet radius logarithms. While such computations
are beyond the scope of the present work, it is nonetheless en-
couraging that with the dynamical jet veto the dependence on
the factorization and renormalization scales is now subdomi-
nant to other sources of theoretical uncertainty.
Regarding the impact of the proposed jet veto on the VBF
process, which possesses at least one energetic (forward) jet
with p
jVBF
T
& MW/2 ∼ 40 GeV, it is important to emphasize that
jet vetoes do not eliminate all jet activity in an event. They re-
move only the high-pT jet activity. Jet vetoes are inclusive with
respect to jet activity below the pVeto
T
threshold. This means that
so long as p
jVBF
T
< pVeto
T
holds, then VBF events will survive the
veto. As seen in Fig. 2, VBF production of heavy N becomes
an important channel for mN & 500 GeV and surpasses the DY
mechanism outright for mN & 1 TeV [23, 24]. Subsequently,
for mN & 500 GeV, one recognizes immediately that under our
4
proposal the veto threshold scales as pVeto
T
∼ 160 − 250 GeV
depending on which charged lepton is actually tagged, and sur-
passes the characteristic value of p
jVBF
T
.
It is now necessary to address whether it is justifiable to
exclude hadronically decaying τ leptons from the jet veto.
Experimentally, τh are reconstructed first as jets before τ-
tagging/classification [65, 66]. Theoretically, at some interme-
diate point τ leptons decay to quarks in the full, unapproxi-
mated trilepton process. Arguably, such partons may be color-
connected to the rest of the hadronic system or interfere with
initial-state radiation. Formally though, for the DY and VBF
processes, such contributions appear first at O(α2s ), and hence
are beyond the claimed accuracy of our calculations. In spite
of that, we note that for resonant heavy N the τ’s effective life-
time (ignoring abuse of notation) is ττγτ ∼ (1/Γτ)(Eτ/mτ) ∼
mN/(Γτmτ), where Γτ ∼ 2 × 10−12 GeV. This is much longer
than the time scale of the hard process, τhard ∼ 1/mN . Hence,
under the narrow width approximation (NWA), which color-
disconnects the τ lepton to all orders in αs, one neglects con-
tributions of the size τhard/(ττγτ) ∼ (Γτmτ/m2N) ≪ 1. In the
absence of the NWA for non-resonant N, however, the τ’s ef-
fective lifetime may only be ττγτ ∼ 1/Γτ. This too is much
longer than the hadronization/non-perturbative scale, which is
τNP ∼ 1/ΛNP withΛNP ∼ 1−2GeV. Hence, the τ lepton outlives
the primary hadronization and exchanges between τh and the
remainder of the hadronic system are long range color-singlet
exchanges [67, 68, 69, 3, 6], i.e., higher twist, and hence beyond
the accuracy of the Factorization Theorem itself.
Legitimately, one may question if such a veto also dramat-
ically and incidentally increases the acceptance rates of QCD
backgrounds. As we now discuss, it does not.
Top Quark Production
Due to their inherent mass scales and rates, single and pair
production of top quarks are major backgrounds to any mea-
surement and search for EW and colorless BSM processes
in TeV-scale hadron collisions. However, as investigated in
Ref. [16], the pT distribution of the leading jet for top quark and
Drell-Yan processes are qualitatively different, even after the
application of a veto on b-jets. This implies that flavor-inclusive
vetoes can generically [16] improve signal-to-background ra-
tios over flavor-exclusive vetoes, a conclusion that also holds
for the types of vetoes considered here: While the characteristic
pT of a charged lepton in the t → Wb → ℓνℓb transition scales
as pℓ
T
∼ EW/2 = mt(1 + M2W/m2t )/4 ≈ 50 − 55 GeV, the b’s pT
scale is larger with pb
T
∼ mt(1 − M2W/m2t )/2 ≈ 65 − 70 GeV.
The issue is more extreme for t(t)V, with V ∈ {W, Z}, where
sub-leading and trailing leptons possess momenta that scale as
pℓ
T
∼ MV/2 ∼ 40 − 45 GeV, which is again lower than pbT .
EW Triboson Production
The production of three (or more) EW bosons represents the
main background that survives after traditional selection cuts
but actually is particularly vulnerable to the veto. NLO correc-
tions reveal [70, 71] that O(30%) of the inclusive pp → 3W+X
process is made of the 3W + 1 j subprocess; the remaining is
Born-like. Hence, the veto imposes a non-negligible selection
cut and restricts the intermediate Ws to be largely at rest since
recoiling against jets must be split six ways amongst the Ws’
decay products. The scalar sum over the charged lepton pℓ
T
therefore possesses a characteristic value of
S 3WT ≡
∑
ℓ
| ~pT ℓ | ∼ 3MW
2
∼ 120 GeV. (11)
For the N mass range we consider (mN > 150 GeV), one sees
that the signal process characteristically exceeds this, with
S NT ∼
mN
3
+
mN
2
+
mN
4
=
13
12
mN . (12)
Therefore, a jet veto in conjunction with S T > 120 GeV will
suppress such background processes.
EW Diboson Production
Resonant EW diboson production can be stymied by standard
invariant mass cuts,
mℓiℓ j > 10 GeV, |mℓiℓ j − MZ | > 15 GeV,
and |m3ℓ − MZ | > 15 GeV, (13)
on any combination of analysis-level charged leptons. Indis-
criminate application to all ℓiℓ j helps suppress charge mis-
measurement and fake lepton backgrounds. Highly non-
negligible, non-resonant contribution to the inclusive pp →
ℓ+ℓ−ℓ±ν and ℓ+ℓ−ℓ+ℓ− processes can be sufficiently reined in
by the veto+S T selections.
Fake Leptons
Non-prompt leptons from heavy quark decays, light jets mis-
tagged as hadronic decays of τ leptons, and light jets misiden-
tified as electrons, collectively labeled as “fake leptons,” rep-
resent the second most important background in searches for
heavy neutrinos at the LHC [57]. In most instances of fake lep-
tons, however, a degree of high-pT QCD activity is required.
Invariably, the presence of a central, energetic jet implies, by
color conservation, that its progenitor parton is color-connected
to some other part of the collision. Hence, whether the addi-
tional colored particles constitute the beam remnant or the hard
process, there is a high likelihood that the fake lepton is ac-
companied by a real jet of comparable pT . This is especially
the case for semi-leptonic decays of heavy flavor hadrons, e.g.,
B → Dℓν, where the hadronic and leptonic decay products
carry comparable momenta [72, 73].
In closing this section, we summarize and reiterate that im-
plementing a dynamical jet veto scheme in searches for heavy
neutrinos decaying to a multi-lepton final state exhibits rather
desirable theoretical and phenomenological properties. The ar-
guments invoked rely on color-flow and a careful assessment of
scales involved in the hard scattering processes (DY and VBF)
as well as backgrounds (including “fake” leptons), and hence
should be applicable to other high-mass, colorless processes.
We encourage investigations into applicability in the context of
jet radii R ≪ 1, as well as analogous dynamical veto schemes,
such as ones based on momentum imbalance or leading photon
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Figure 4: The 14 TeV LHC 95% CL sensitivity to heavy Dirac neutrino (N) active-sterile mixing, assuming |Ve4 |2 = |Vτ4|2 and |Vµ4|2 = 0, as a function of N mass
(mN ) [GeV], via the trilepton final states (a) τ
±
h
e∓Xℓ and (b) τ+h τ
−
h
Xℓ, for Xℓ ∈ {e, µ, τ}, using the standard analysis with a b-jet veto (dash-diamond) and proposed jet
veto-based analysis (solid-star) after L = 150 fb−1 and 3 ab−1. Also shown are the 95% CL limits on |Ve4 |2 from CMS at 13 TeV [57] and global constraints [31].
pT . In light of finding greatly reduced theory uncertainties as
well as potential for improving signal survival and background
rejection efficiencies, we refer to this veto scheme as a safe jet
veto.
Before reporting our results, we briefly comment on the abil-
ity to implement the proposed jet veto scheme in experimen-
tal searches for new, colorless particles at hadron colliders.
In particular, we anticipate that complications surrounding the
delicate procedures of jet energy calibration and signal region
validation are already surmountable. Jets are calibrated with
Z + n j and prompt photon/γ+ n j samples in a largely analysis-
independent manner [81, 82], including jets with radius up to
R = 1 [83]. Z + n j events are specifically excluded from our
signal region using the standard charged lepton invariant mass
cuts given in Eq. (13). Moreover, dynamically defined signal
regions have already been used in the context of searches for
resonant production of Higgs boson pairs at
√
s = 13 TeV [84].
While construction of dynamically defined signal, validation,
and control regions represent nontrivial tasks for the present
case, ongoing work, for example as in Ref. [84], by the ATLAS
and CMS collaborations is very encouraging.
6. Results and Outlook
In Sec. 5 we discussed the signal and background phe-
nomenology for the heavy N trilepton process under a dynam-
ical jet veto. We now report quantitatively how a search analy-
sis designed and centered around a dynamical jet veto can im-
prove LHC sensitivity compared to a more traditional analysis
premised solely on the presence of high-pT charged leptons and
vetoes only b-tagged jets, e.g., Refs [26, 57]. We observe that
simply adding a dynamical veto to a traditional analysis does
not significantly improve discovery potential.
For further details and motivation of the following selection
analysis, see Ref. [25]. We define analysis-quality charged lep-
tons and jets as isolated objects satisfying the following fiducial
and kinematic cuts:
p
e (µ) [τh] { j}
T
> 15 (15) [30] {25} GeV with
|ηµ,τh, j| < 2.4, and |ηe| < 1.4 or 1.6 < |ηe| < 2.4. (14)
Charged leptons and jets are then labeled according to pT , with
pk
T
> pk+1
T
, and the missing transverse momentum vector 6~pT is
built from all visible momenta above 1 GeV in the fiducial re-
gion. To simulate detector effects, momentum smearing is done
as in Ref. [16]; pT -based (mis)tagging, (mis)identification, and
fake lepton efficiencies are based on the Detector Performance
(DP) and dedicated studies of Refs. [74, 75, 76, 77, 78]. We
require events to contain exactly three analysis-quality charged
leptons with flavor composition according to Eqs. (5)-(6). We
next apply the invariant mass cuts of Eq. (13). After impos-
ing a jet veto set to the pT of the leading charged lepton, i.e.,
pVeto
T
= p
ℓ1
T
, we impose that S T > 120 GeV. As a proxy to
the invariant mass of N, we build a version of the multi-body
transverse mass [79, 80],
M˜2T,i =
[√
p2
T
(ℓOS) + m2
ℓOS
+
√
p2
T
(ℓSS
i
, 6 ~pT ) + M2W
]2
−
[
~pT (ℓ
OS, ℓSSi )+ 6 ~pT
]2
, i = 1, 2. (15)
Here, ℓOS (ℓSS
i
) is the one opposite-sign (either same-sign)
charged lepton in the trilepton final-state. Of the two permu-
tations of M˜T,i, we choose the one (MˆT ) closest to our mass
hypothesis and select for events satisfying
− 0.15 < (MˆT − m
hypothesis
N
)
m
hypothesis
N
< 0.1. (16)
As a benchmark, we base the “standard analysis” on the
13 TeV CMS search for heavy neutrinos [57]. Starting from
Eqs. (14) and (13), and assuming the same flavor combinations
as before, we require that
p
ℓ1
T
> 55 GeV, pℓ2
T
> 15 GeV, m3ℓ > 80 GeV. (17)
6
Events with at least one b-tagged jet are vetoed. The results of
our traditional analysis are in line with Ref. [57].
Assuming Gaussian statistics and a background systematic
weighting of B → (1 + δBB), with δB = 10%, we show in
Fig. 4 the 95% CL sensitivity to the active-sterile mixing quan-
tity |Ve4|2, |Vτ4|2 in the (a) τ±h e∓ℓX and (b) τ+h τ−h ℓX final state,
for the veto (solid-star) and standard (dash-diamond) analy-
ses, at the 14 TeV LHC with L = 150 fb−1 and 3 ab−1 of
data. The improvement in sensitivity when applying the jet
veto is unambiguous. We find that the veto can increase the
reach of |Vℓ4|2 by up to a factor of 7-8 with 150 fb−1 and up
to a factor of 10-11 with 3 ab−1. Hence, with 3 ab−1, LHC
searches can surpass indirect limits on the active-heavy mixing
obtained from global fits to EW precision observables and low-
energy data. In summary, with L = 150 fb−1 (3 ab−1), we find
|Ve4|2, |Vτ4|2 < 2.5×10−3−5.2×10−2 (5.5×10−4−8.3×10−3) can
be probed at the 95% for mN = 150 − 1000 GeV at the 14 TeV
LHC. We stress that the improvement at high mN stems both
from an increase in signal rate and a decrease in background
rate. At low mN , however, small improvement is observed, in
part, due to the stringent pT requirements for τh tagging, which
depletes signal strength despite improved efficiencies.
Reporting the impact on other flavor combinations is beyond
our present scope and refer readers to Ref. [25].
7. Summary and Conclusion
Due to inherently different radiation patterns, jet vetoes
are powerful techniques to reduce QCD backgrounds in mea-
surements and searches for electroweak and color-singlet new
physics processes in hadron collisions. In this letter, we report
key findings when premising a search strategy on vetoing events
with jets possessing transverse momenta (pT ) greater than the
highest pT charged lepton in the event. We demonstrate that
they can be successfully used in a broad class of experimen-
tal searches, including searches for new high-mass particles as
well as events with τ leptons decaying hadronically. We find an
impressive improvement over traditional, fixed-pT jet vetoes.
As a representative case study, we focused on the impact of
jet vetoes in searches for heavy Dirac neutrinos (N) participat-
ing in the trilepton process pp → ℓN N → ℓNℓWW → ℓNℓWℓνν.
The phenomenological consequences of such a jet veto on the
signal and background processes are summarized in Sec. 5. We
find the following: (i) As shown in Fig. 3, perturbative uncer-
tainties associated with the veto greatly reduce due to tying the
veto scale to the hard process scale. (ii) Also shown in the fig-
ure is that the signal efficiency for passing the veto exceeds
90 − 95% for N with masses in the range mN = 150 − 1000
GeV, and exhibits little-to-no dependence on the neutrino mass
scale. (iii) Top quark and “fake” lepton rejection capabilities
also improve compared to only vetoing heavy flavor-tagged jets.
Subsequently, as shown in Fig. 4, this results in an improved
sensitivity to the heavy neutrino mixing quantity |Vℓ4|2 up to
an order of magnitude over the LHC’s lifetime; see Sec. 6.
For a Dirac neutrino with mass mN = 150 − 1000 GeV and
the representative active-sterile mixing hypothesis |Ve4| = |Vτ4|
with |Vµ4| = 0, we report that LHC experiments can probe
|Ve4|2, |Vτ4|2 . 6 × 10−4 − 8 × 10−3. Further investigations into
the impact on heavy neutrino searches in different flavor chan-
nels is left to future work [25]. We anticipate that sensitivity
could be further improved if combined with advanced multi-
variate techniques, and encourage future work on the topic.
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